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Association between the Cell Cycle and Neural
Crest Delamination through Specific Regulation
of G1/S Transition
is established by somite-induced changes in local tran-
scription of the inhibitor noggin. Consistently, BMP re-
ceptors of type IA are transiently expressed by premi-
gratory and emigrating progenitors yet are progressively
downregulated during migration (Sela-Donenfeld and
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Kalcheim, 1999, 2000, 2002).Israel
Little is known about possible roles that cell-intrinsic
mechanisms play in NC mesenchymalization. Studies
on cell division in Drosophila provided a paradigm for
understanding how information that controls stereotypicSummary
mitoses is translated into cell movement (Follette and
O’Farrell, 1997). Specific stages of the cell cycle wereDelamination of premigratory neural crest cells from
also involved in patterning, morphogenesis, and differ-the dorsal neural tube depends both upon environ-
entiation during neural development (Elshamy et al.,mental signals and cell-intrinsic mechanisms and is a
1998; Smith and Schoenwolf, 1987, 1988; McConnellprerequisite for cells to engage in migration. Here we
and Kaznowski, 1991; Ohnuma et al., 2001). Regulationshow that avian neural crest cells synchronously emi-
of the cell cycle is also intimately linked to cell death;grate from the neural tube in the S phase of the cell
in neurons, apoptosis caused by deprivation of trophiccycle. Furthermore, specific inhibition of the transition
support can be prevented by agents that block G1/Sfrom G1 to S both in ovo and in explants blocks delami-
transition (Farinelli and Greene, 1996; Park et al., 1997).
nation, whereas arrest at the S or G2 phases has no
The notion was therefore put forward that the cell
immediate effect. Thus, the events taking place during
cycle might play a role in NC delamination. NC cells
G1 that control the transition from G1 to S are neces- are mitotic progenitors from their formation throughout
sary for the epithelial to mesenchymal conversion of migration, and post-mitotic cells are not encountered
crest precursors. before gangliogenesis (Kahane and Kalcheim, 1998).
Prior to emigration, prospective NC progenitors are an
integral part of the neuroepithelium, and, as such, they
Introduction undergo interkinetic nuclear migration, whereby the po-
sition of the cell soma with its nucleus changes upon
The neural crest (NC) is a group of transient progenitors the phase of cell cycle (Martin and Langman, 1965; Lang-
that disperse in the embryo and differentiate into a rich man et al., 1966). Since the dorsal area of the neural
variety of derivatives (Le Douarin and Kalcheim, 1999). tube becomes highly distinct from the remaining neuro-
Successful migration is essential for cells to reach their epithelium as NC cells delaminate, the question arises
homing sites and differentiate. To engage in migration, whether NC cells randomly emigrate at any phase of
epithelial premigratory cells must convert into mesen- the cycle, or, alternatively, whether there is a preferred
chyme. Epitheliomesenchymal transitions are a prereq- phase for delamination. In the latter case, it becomes
uisite for the development of many embryonic tissues important to determine whether there is any functional
significance to specific cell cycle phases in the genera-and organs. In their epithelial conformation, NC cells
tion of cell movement.are closely attached polarized progenitors. When con-
Here we show that trunk-level avian NC cells emigrateverting into mesenchyme, they become loosely associ-
in the S phase of the cell cycle. Moreover, we establishated or fully individualize, acquire motile properties, and
that this feature is part of the mechanism of cell delami-invade initially the extracellular matrix surrounding the
nation, as treatment of explanted neural primordia withneural tube (Le Douarin and Kalcheim, 1999; Kalcheim,
G1-S transition inhibitors prevented initial delamination2000; Nieto, 2001). Thus, NC delamination is a complex
of NC cells that could be rescued upon drug removal.process requiring the coordinated action of several cat-
In contrast, S and G2 phase inhibitors had no effect.egories of molecules. These include intracellular com-
Furthermore, in ovo overexpression of specific G1/S in-plexes that mediate transcriptional activity, cell adhe-
hibitors, like the 15-amino acid domain of MyoD, the
sion, cytoskeleton assembly, cell-matrix interactions,
cdk inhibitor p27, and dnE2F-1, inhibited both Brdu in-
and downstream biochemical pathways (Akitaya and corporation and NC delamination but affected neither
Bronner-Fraser, 1992; Hall, 1999; LaBonne and Bronner- specification nor survival of the neural progenitors. Tak-
Fraser, 2000; Liu and Jessell, 1998; Minichiello et al., ing these observations together, we demonstrate that
1999; Nakagawa and Takeichi, 1995, 1998; Newgreen the transition from G1 to S is necessary for the epithelial
and Minichiello, 1995; Nieto et al., 1994). to mesenchymal conversion of premigratory NC.
The identity of signals triggering NC cell delamination
remained elusive until recently. Recent studies showed Results
that a gradient of BMP4 activity along the dorsal neural
tube triggers emigration of NC progenitors. This gradient NC Cells Emigrate from the Neural Tube in the S
Phase of the Cell Cycle
Previous studies have documented the existence of in-
terkinetic nuclear migrations during the cell cycle of the1 Correspondence: kalcheim@yam-suff.cc.huji.ac.il
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Figure 1. Neural Crest Cells Emigrate from the Neural Tube in the S Phase of the Cell Cycle
(A–C) Opposite the segmental plate (SP), the pattern of Brdu incorporation into nuclei is even throughout the epithelium (B). Adjacent to
epithelial (D–F) and dissociating (G–I) somites, the proportion of Brdu cells is lower in the dorsal tube (asterisks; compare Hoechst with
Brdu), while most emigrating NC cells are Brdu (arrowheads).
(J) The percentage of Brdu/total Hoechst nuclei in emigrating NC cells compared to that in the dorsal neural tube (Midline), which contains
most premigratory progenitors, and to adjacent neuroepithelium (Surround). Phase contrast (A, D, and G); Brdu (B, E, and H); Hoechst (C, F,
and I). Arrows point to mitotic figures. EC, ectoderm; ES, epithelial somite; NO, notochord; NT, neural tube. Bar equals 20 M.
avian neuroepithelium, measuring a mean generation proportion of mitotic nuclei (5.7%  0.8% and 4.9% 
0.7%) and that of S phase nuclei (48.5%  2.1% andtime of about 8 hr (Langman et al., 1966; Smith and
Schoenwolf, 1987, 1988). In embryos aged 20–25 so- 49.1%  0.65%) in the center versus surrounding re-
gions, respectively (Figure 1J); the latter values are ex-mites at caudal levels of the axis (corresponding to the
segmental plate), NC cells have not yet engaged in de- pected, since the length of the S phase is approximately
half of the duration of the full cycle. Thus, prior to thelamination. At this level, the cell cycle in the dorsal tube
resembles that observed at lateral domains. Whereas onset of NC emigration, dorsal progenitors undergo
nucleokinesis and reveal similar cell cycle characteris-mitosis occurs at the apical suface (Figures 1C, 1F, and
1I, arrows), DNA synthesis occurs in the basal half of tics to laterally located progenitors, thus contributing to
growth of the neural tube.the epithelial sheath, as revealed by nuclear Brdu immu-
nostaining (Figures 1B, 1E, and 1H). In addition, nuclear NC cells begin emigrating from the tube opposite ma-
ture epithelial somites, and migration is already under-density is similar in the dorsal midline area when com-
pared to surrounding regions (16.5  2 and 19.3  3 way opposite the dermomyotome/sclerotome (Figures
1D–1I and Sela-Donenfeld and Kalcheim, 2000). Serialnuclei/area, respectively; Figures 1A and 1C). So is the
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analysis performed at the above axial levels revealed Blockers of G1/S Transition, but Not of S or G2
Phases, Prevent the Onset of NC Delaminationthat the number of total nuclei in lateral parts of the
in Explanted Neural Primordianeuroepithelium increased by 130%–170% compared
Blocking G1/S Transition with Mimosine, AG555,with segmental plate levels. In contrast, the size of the
or Olomoucine Reversibly Inhibitsdorsal aspect of the neuroepithelium and the number
Delamination of NC Cellsof nuclei remained virtually unchanged when compared
Since NC cells delaminate in S phase, we asked whetherto caudal regions (data not shown). This was not caused
the transition from G1 to S is required for delamination.by reduced mitotic activity, as the percentage of mitotic
Mimosine was suggested to block the cell cycle in G1figures was similar at all three levels examined and also
by upregulating p27kip1 protein levels (Wang et al., 2000).resembled that measured at adjacent areas of the tube
We first tested whether it similarly acts on avian NC(data not shown). Thus, during early NC delamination,
cells. Monolayers of migrating NC cells received 400mitotic activity in the dorsal neuroepithelium is still com-
M of mimosine one day after emigration from explantedparable to that observed in lateral regions. This is con-
tubes. Significantly enhanced immunostaining for p27sistent with previous results suggesting that withdrawal
was observed in the cytoplasm of the treated cells whenfrom the cell cycle in the dorsal tube is initiated only at
compared to controls, where it was mostly perinuclearlater stages (Kahane and Kalcheim, 1998).
(Figures 3A–3D). In addition, many treated cells revealedHowever, a striking change was measured in the dis-
the presence of immunoreactive product in the nucleus,tribution of S phase nuclei upon initiation of NC emigra-
indicative of nuclear translocation of the cdk inhibitortion. A significantly lower percentage of Brdu cells was
(Figures 3C and 3D, arrowheads). These results furtherdetected in the dorsal midline region (24.5%–26.0%;
substantiate that mimosine acts as a G1/S blocker inFigure 1J; Figures 1E and 1H, asterisks) when compared
the avian NC system by enhancing levels of p27 protein.to segmental plate levels (48.5%) and to surrounding
Next, neural primordia excised from the segmentaldomains (41%–49%). Most strikingly and at variance
plate level were explanted on fibronectin. NC cells beganwith the behavior of the epithelium, the majority of NC
emigrating after 8–9 hr (Figures 3E and 3H). At this time,cells that exited the tube incorporated Brdu following
mimosine blocked incorporation of Brdu into neuroepi-the short pulse (82%; Figure 1J; Figures 1E and 1H,
thelial cells, with complete inhibition achieved at 400arrowheads). Thus, NC cells preferably exit the neural
M (Figures 3H–3L). Comparison of the bars in Figuretube in the S phase of the cell cycle. Moreover, the
3K revealed a close correlation between the concentra-reciprocal situation noticed within the dorsal tube epi-
tions of mimosine required to inhibit DNA synthesis andthelium suggests that most cells entering S phase in
those preventing the onset of NC delamination (comparethis domain, from epithelial somite levels onward, dis-
E–G with H–J).continue nuclear migration following G1 and become
We next examined whether the effect was reversibledestined to undergo epithelial-mesenchymal transition.
upon drug removal. The number of emigrated NC cellsHence, in this domain, fewer nuclei move back to the
increased between 9 and 20 hr in control medium (Figureventricular margin to complete cell division. Altogether,
3L). Inhibition of DNA synthesis and NC delaminationour data suggest that, at these stages, it is the ongoing
were observed upon continuous treatment with 400 Mdelamination of NC cells in S phase, and not reduced
mimosine, both at 9 and 20 hr. In contrast, when mimo-mitotic activity, that regulates growth of the dorsal neu-
sine was present for the first 9 hr, followed by a chaseroepithelium.
of 11 hr in control medium, DNA synthesis recoveredTo examine how long it takes for premigratory NC
to 40% of control values monitored at 20 hr and NCcells to delaminate, we delivered CM-DiI to the tube and
emigration recovered to 47%. Thus, the extent of cellreincubated embryos for various times. To further relate
emigration in the rescue experiment resembled the situ-the time required for emigration with S phase synchroni-
ation at 9 hr of normal incubation. Indeed, these recoveryzation, we delivered Brdu for the last hour of incubation.
values are the maximally expected values, since treat-
Within 5 hr, CM-DiI-labeled cells reached the dorsolat-
ment with mimosine during the first 9 hr, which approxi-
eral aspect of the neural tube (Figures 2A and 2D, until
mates the length of one cell cycle, caused the cells
arrowhead). Consistent with precedent observations, to “miss” one round of division. These results strongly
virtually all DiI-positive NC cells were also Brdu (Figure suggest that inhibition of G1/S transition temporarily
2D, small arrows). At the level of dissociated somites, prevented cell emigration without causing irreversible
a leading group of cells was also found at more ventral cell loss.
areas apposed to the neural tube; these cells were nega- We next examined the effects of two additional G1/S
tive for the lineage tracer, implying that they delaminated transition blockers acting via a different mechanism.
prior to DiI labeling (Figures 2A–2D, between arrowhead AG555 is a tyrosine-phosphorylation inhibitor (tyrphos-
and arrow). At variance with the most recently emigrat- tin). It was shown to block activation of cyclin-depen-
ing progenitors, only 39% of the CM-DiI-negative NC dent kinase cdk-2, leading to cell cycle arrest at late G1
cells undergoing advanced migration were in S phase. (Kleinberger-Doron et al., 1998). Olomucin was suggested
Altogether, these results suggest that synchronization to block cdk-1, -2, and -5 (Vesely et al., 1994; Park et
of NC to S is a transient event that characterizes progeni- al., 1996, 1997). Dose-dependent analyses performed
tors in the process of delamination, but not prior to in 9 hr cultures (data not shown) revealed that maximal
emigration or later, during advanced migration. The lat- inhibitions were achieved at a concentration of 30 M of
ter loss of synchrony might be due to differential specifi- AG555. This concentration inhibited Brdu incorporation
cation events, exposure to diverging signals, intermixing and NC delamination to similar extents (65%  7.0%
with longitudinally migrating fellows (Teillet et al., 1987), and 72%  10.7% of controls, respectively). A dose-
dependent effect was also observed with olomoucineor combinations of the above.
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Figure 2. Synchronization of Emigrating NC
Cells to the S Phase in Relation to the Timing
of Delamination
CM-DiI (A); Brdu (B); phase (C); CM-DiIBrdu
(D). Most DiI cells (red) that exit the tube
during 5 hr (from dorsal midline until arrow-
head) are Brdu (green) and appear yellow
in the overlay image (small arrows in [D]). Be-
tween the arrowhead and the large arrow,
note the presence of Brdu/DiI cells that
exited the tube prior to labeling with DiI. Bar
equals 13 M.
reaching 87%  12.5% inhibition of crest delamination of NC emigraton observed is not a mere consequence
at 200M and the absence of DNA synthesis (data not of blocking the cell cycle, we tested the effects of aphidi-
shown). colin and VM-26. Aphidicolin inhibits DNA synthesis in
We next examined the extent of NC cell emigration cells that already entered into S by blocking activity of
upon removal of AG555. Following a 25 hr treatment with DNA polymerase . VM-26, a topoisomerase II blocker,
30 M AG555, 60% and 75% inhibition were obtained induces G2 arrest (Chen and Beck, 1995; Roberge et
in Brdu incorporation and NC emigration, respectively, al., 1990). Treatment of neural primordia for 9 hr with
when compared to controls (Figures 3M and 3N). Re- aphidicolin (10 M) completely inhibited the incorpora-
moval of the tyrphostin after 8 hr, followed by a 17 hr tion of Brdu (Figures 4E and 4L), yet only a 15.6% inhibi-
chase, resulted in a significant 1.75-fold increase in the tion of NC delamination was monitored (Figures 4D and
number of emigrated crest cells when compared to ex- 4K). Notably, explants further incubated for 24 hr re-
plants continuously treated with the drug (Figure 3M). vealed the presence of migratory HNK-1-positive crest
To control for the action of AG555, we applied the tyr- cells whose size was at least twice that of control cells
phostin AG18 at 30 M. This is a potent EGF receptor (Figures 4C and 4F), suggesting that increased cell
blocker that has a poor effect on cell cycle progression growth occurred in the absence of cellular division.
relative to AG555 (Ben-Bassat et al., 1999; Bryckaert et Treatment of explants with VM-26 (1 nM) inhibited incor-
al., 1992), and, in our system, it had no effect on either poration of Brdu by 96.5% (Figures 4J and 4L), yet NC
parameter when tested in the range of 1–30 M (Figures emigration was reduced by only 30% (Figures 4I and
3M and 3N). To further examine whether the lack of NC 4K), perhaps reflecting the lack of cell cycle completion
emigration is accounted for by apoptotic cell elimina- by already delaminated cells, which were arrested in
tion, we subjected explants treated with mimosine or G2. Hence, simply arresting the cell cycle is not sufficient
AG555 to TUNEL analysis. The extent of apoptosis was to prevent an initial wave of delamination; here we define
similar in control and treated explants and ranged be- the G1/S transition as an obligatory step in cell delami-
tween 2% and 8.5% in each type of treatment (n  4–8 nation.
explants/treatment; Figures 3O and 3P). Altogether, our
data further confirm that transient arrest of G1/S pro- Inhibition of G1/S Transition In Vivo Prevents
gression prevents NC delamination without affecting cell the Onset of NC Delamination
survival. Cell Autonomous Inhibition with a cdk-4 Binding
Aphidicolin and VM-26 Have No Immediate Effect Domain of MyoD
on NC Cell Delamination Zhang et al. (1999a, 1999b) showed that MyoD directly
To determine whether G1/S transition is specifically re- binds to the G1-specific kinase cdk-4 through a 15-
amino acid (aa) domain located in its C terminus. Thisquired for NC delamination and to confirm that the lack
Cell Cycle and Neural Crest Delamination
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Figure 3. The G1/S Blockers Mimosine and AG555 Cause a Dose-Dependent and Reversible Inhibition of DNA Synthesis and NC Delamination
from Explanted Neural Primordia
(A–D) Mimosine stimulates an increase in cytoplasmic perinuclear p27 immunostaining in NC cultures (compare [C] with untreated control in
[A]). Note, as well, the nuclear staining only in treated cells (arrowheads in [C] and [D]).
(E–G) Phase contrast.
(H–J) Brdu.
(E and H) Control. The insert in (H) shows a higher magnification to better appreciate the front of Brdu NC cells (between arrowhead and
arrow) exiting the tube.
(F and I) 200 M mimosine.
(G and J) 400 M mimosine.
(K) Dose response histogram. Significant inhibitions monitored at 400 M and 800 M compared to control (p  0.002).
(L) Reversal of DNA synthesis and crest delamination upon removal of mimosine. The inhibition by mimosine (M) at 9 hr and 20 hr was
significant compared to untreated control (C) (p  0.002) and so was the rescue (res) (p  0.002) compared to the 20 hr mimosine control.
(M and N) Rescue of DNA synthesis and crest delamination upon removal of AG555. The inhibition by AG555 at 25 hr was significant (compare
the second bar with the first bar, p  0.004) and so was the AG555 rescue (R) when compared to the 25 hr treatment (compare the third bar
with the second bar, p  0.005). AG18 had no significant effect after 25 hr.
(O and P) TUNEL assay on control (O) and mimosine-treated (P) explants showing apoptotic cells in green and total nuclei in blue. The
proportion of apoptotic nuclei was similar in both cases, yet nuclei in P were highly packed, due to lack of cell delamination. Bars equal 130
M (E–J) and 40M (A–D, O, and P).
interaction inhibits phosphorylation of retinoblastoma 5C), as virtually all GFP nuclei observed in the outer
half of the neural tubes, where DNA synthesis takes(Rb) and causes cell cycle arrest at G1. Although this
MyoD sequence was not previously overexpressed ei- place, were Brdu (95.7%  4.2%). In contrast, only
26.6%  0.47% of GFP cells were Brdu in the GFP-ther in ovo or in systems other than muscle, we reasoned
that it could similarly affect cdk-4 activity in the neural 15 aa-NLS-treated tubes (Figure 5D). Thus, the 15 aa
sequence of MyoD causes a 74% inhibition of DNA syn-tube, thus providing the means to examine how inhib-
iting G1/S transition would affect NC delamination. To thesis in neuroepithelial cells.
We next examined the effect on NC delamination. Inthis end, GFP-15 aa-NLS or control vectors (GFP-NLS
or GFP vector alone) were electroporated into neural 13 out of 14 embryos transfected with GFP-NLS, fluores-
cent NC cells exited the tube already at epithelial somitetubes.
Electroporations were performed at segmental plate levels; at more advanced levels, cells were also apparent
in intersomitic regions and rostral somitic domains (Fig-levels, and embryos were further incubated for a maxi-
mal duration of 16 hr, when the caudal segmental plate ures 5A and 5C). Notably, some fluorescent cells were
also seen dorsal to the contralateral hemitubes (Figure 5A,becomes epithelial somites and the rostral segmental
plate evolves into dissociating/early dissociated so- arrowhead). This bilateral crossing attained 4% of total
delaminating cells per hemitube. In contrast, in 14 out ofmites. Since expression of the transgenes became ap-
parent 4–8 hr after electroporation, the net effect was 15 embryos that received GFP-15 aa-NLS, very few GFP
cells emigrated from the tubes (Figures 5B and 5D).monitored over the approximate length of one cell cycle
to be able, as in previous experiments, to directly associ- Cell emigration was then quantified in transverse sec-
tions (n  6/treatment). In control embryos, 7.3  0.3ate G1/S inhibition with NC behavior. We first tested the
effect of GFP-15 aa-NLS on cell proliferation in the tube. total cells/section emigrated from the intact hemitubes
opposite epithelial somites, and 7.65  1.8 total cells/Control vectors had no effect on proliferation (Figure
Developmental Cell
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Figure 4. Aphidicolin and VM-26 Have No Significant Effect on Delamination of NC cells, in Spite of Inhibiting DNA Synthesis
Phase contrast (A, D, G, and I); Brdu (B,E,H,J); HNK-1 (C and F).
(A, B, D, and E) Aphidicolin (10 M) completely blocked Brdu incorporation by 9 hr, with no apparent effect on NC delamination (compare
[D] and [E] with [A] and [B]). Following overnight incubation, migratory HNK-1 crest cells are larger in aphidicolin-treated explants (F) than
in controls (C).
(G–J) VM-26 (1 nM). Note the significant block of Brdu incorporation but no apparent effect on cell delamination (compare 1 nM VM-26 in [I]
and [J] with control in [G] and [H]).
(K and L) Quantification of the effects of aphidicolin and VM-26. The inhibitions in percentage of Brdu nuclei in explanted tubes were
significant ([L]; p  0.002), whereas those in crest emigration were mild and not significant. Bars equal 200M (A, B, D, E, and G–J) and 50
M (C and F).
section emigrated from the electroporated sides, of (9.9  2.8). More importantly, a 91%  11% inhibition
of delamination of GFP cells was measured in electro-which 66%  4% were GFP. Thus, transfection with
control vector had no deleterious effect on mesenchy- porated sides that received GFP-15 aa-NLS when com-
pared to GFP only. Furthermore, at all axial levels, cellsmalization of NC cells, and the procedure was effective,
as a significant amount of emigrating cells expressed that did not receive the G1/S-blocking vector emigrated,
further suggesting that the procedure had no adversethe construct. By contrast, a 99%  30% inhibition of
emigration of GFP NC cells was monitored in the GFP- effect on the dorsal neural primordium or on emigration
itself. Hence, the C terminus of MyoD blocks the transi-15 aa-NLS-treated tubes when compared to GFP con-
trols or to respective intact sides (data not shown). Nota- tion between G1/S in premigratory crest progenitors,
consequently leading to deficient cell emigration.bly, of the few delaminating cells, only 12.2%  5%
were GFP positive. Blocking G1/S Transition by Overexpressing p27
or Dominant-Negative E2F-1 PreventsAt levels of dissociated somites, the total number of
emigrating cells was higher than in more caudal regions NC Delamination
Phosphorylation of Rb by cyclin D/cdk-4/-6 complexesand similar between the two hemitubes of control em-
bryos (11.02  1.2 and 11.3  1.4 cells/section). By during early G1 is followed by phosphorylation by cyclin
E/cdk-2. This results in the release of the E2F/DP-1comparison, only 4.17  2 cells/section left the electro-
porated sides of the 15 aa-expressing tubes (63% inhi- transcriptional complex from Rb and consequent entry
into S phase (Hulleman and Boonstra, 2001; DeGregoribition). This was less than half the number of total delam-
inating cells/section in respective contralateral sides et al., 1995; Wu et al., 2001). To block entry into S by
Cell Cycle and Neural Crest Delamination
389
Figure 5. The cdk Binding Domain of MyoD
and dn E2F-1 Inhibit Delamination of NC Cells
In Ovo
(A and B) Dorsal views of embryos that re-
ceived control GFP-NLS vector (A) showing
axial level-dependent migration of GFP
crest cells through intersomites and into the
rostral somitic domains (arrows). Some la-
beled cells also cross to the contralateral side
(arrowheads).
(B) Electroporation with GFP-15 aa-NLS,
showing no migration of labeled crest cells.
(C and D) Transverse sections of control (C)
and experimental (D) embryos.
(C) Control GFP (green) has no effect on Brdu
incorporation (red) when compared to contra-
lateral side. Note emigration of GFP/Brdu
NC cells (small arrows).
(D) Transfection with GFP-15 aa-NLS (green)
caused a reduction in the number of Brdu
nuclei (red) and no GFP cells exiting the
treated side of the tube. NC cells, however,
emigrate from the contralateral side (small
arrows).
(E and F) Electroporation of dnE2F-1 ([E], as-
terisk). Note in (E) the reduced number of
Brdu nuclei (green) when compared to the
contralateral side. Whereas delamination of
Brdu/Hoechst NC cells was normal in the
intact side (arrowheads), no emigration was
apparent in the treated side. NT, neural tube.
Bars equal 40 M (C, E, and F) and 30M (D).
preventing the latter processes, dnE2F-1 lacking both side; values based on serial analysis of 17–21 alternate
sections/embryo, n  8). Next, we examined the effecttransactivation and Rb binding domains was electropor-
ated. Efficiency of the construct was monitored by its of p27kip, a bona fide G1/S inhibitor acting on cyclin
E/cdk-2 and also on cyclin D/cdk-4/-6 complexes (Sling-ability to prevent incorporation of Brdu into the trans-
fected hemitubes. A decrease of 57.2%  4.8% in erland and Pagano, 2000). A 70.0% 6.8% and 74.0%
7.5% inhibition in Brdu incorporation and NC delamina-Brdu/total nuclei was measured in the treated versus
control sides (n  8/8; Figures 5E and 5F). This was tion were monitored, respectively, in the treated com-
pared to control sides (n  6). Hence, inhibition of G1/Saccompanied by a 71% 5.3% reduction in NC emigra-
tion when compared to the normal contralateral hemi- transition in ovo, both during early and late G1, prevents
delamination of NC cells.tube (Figure 5E, arrowheads on emigrating NC in control
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Figure 6. The cdk Binding Domain of MyoD Does Not Affect Expression of Early NC and Dorsal Tube Markers and Does Not Induce Apoptosis
Embryos were unilaterally electroporated with the GFP-15 aa-NLS construct, either at segmental plate (A–F and J) or cervical levels (G–I).
(A–F) Whole-mount in situ hybridizations with BMP-4, Slug, RhoB, Pax3, msx-1, and Cad6B probes. Electroporations were performed in
hemitubes pointing to the bottom of the images. Transfected levels are marked between arrows, based on GFP expression monitored before
hybridization. Rostral is to the left. Note that, in all cases, marker expression remained bilaterally symmetrical.
(G–I) Electroporation of GFP-15 aa-NLS to cervical levels of the hemineural tube inhibits further delamination of NC cells. Note the lack of
emigration of GFP cells (G and I). Cumulative migration of NC cells is revealed by HNK-1 immunolabeling (H and I). Note significant migration
of HNK-1 NC cells in control side ([H], asterisks) and comparably reduced number of migrating progenitors in treated side (HNK-1/GFP).
Transfected area is surrounded by a thin white line. HNK-1 immunoreactivity within the hemitube itself represents nonspecific transfer of
fluorescence from the FITC channel.
(J) TUNEL reaction in GFP-15 aa-NLS-treated tubes. Left panel shows level of epithelial somite (ES) with very few apoptotic nuclei, and the
right panel shows a dissociating level (DS) with a higher amount of dying cells, but similar in both sides. Asterisks mark electroporated side.
EC, ectoderm; NO, notochord; NT, neural tube. Bar equals 40 M.
Inhibition of NC Delamination by the 15 aa Peptide levels of the axis, where initial specification already oc-
curred and emigration is underway, would inhibit delam-of MyoD Does Not Affect Initial NC Specification
and Does Not Promote Apoptosis ination of subsequent waves of NC precursors. GFP-15
aa-NLS was overexpressed at cervical levels of the tubeHaving shown that G1 arrest inhibits NC delamination,
we asked whether this could be accounted for by altered (somites 8–13) and fixed 12–15 hr later, corresponding
to advanced migration. As shown in Figures 6G and 6I,specification of NC cells. To this end, neural tubes that
received GFP-15 aa-NLS or GFP-NLS were in situ hy- no GFP cells exited the electroporated side (n  10),
suggesting that delamination of all potential NC progeni-bridized with early NC and dorsal tube markers. A sym-
metrical pattern of marker expression was observed tors is sensitive to cell cycle manipulation. Consistently,
fewer HNK-1 cells migrated into the adjacent somitesalong the transfected levels (premarked according to
GFP expression), with no bilateral differences in tran- in the treated sides when compared to contralateral
ones (Figures 6H and 6I) or to control vector-transfectedscription of either BMP-4, Slug, RhoB, PAX3, Msx1, or
Cad6B (n  6/6 embryos/gene; Figures 6A–6F). As ex- embryos (data not shown). These GFP/HNK-1 cells
apparent in the treated sides reflect early emigration ofpected, transfection with control GFP-NLS was without
effect (n  5/gene, data not shown). Thus, the lack of progenitors that did not receive the transgene. Hence,
inhibiting G1/S transition following initial NC specifica-cell emigration upon blocking G1/S transition is not due
to a failure in early specification of the NC lineage. tion still blocks further waves of cell delamination, inde-
pendently of initial specification events.To further examine this question, we asked whether
preventing the cells from entering S phase at rostral We next examined whether lack of NC emigration
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Figure 7. NC Delamination in the Context of
the Cell Cycle in the Neuroepithelium
(Upper panel) Interkinetic nuclear migration
in the dorsal neural tube. NC cells delaminate
during S phase when their nuclei are located
at or near the basal margin of the epithelium.
They continue to proliferate during migration,
until reaching their homing sites. As the per-
centage of cells in the dorsal tube entering S
phase is low during ongoing delamination, we
infer that most dorsal progenitors are fated
to leave the neural tube past G1/S transition
and fewer regain mitosis in the apical margin.
(Lower panel) G1/S transition is necessary for
NC cells to delaminate. Specific inhibition
with G1/S blockers in explants and in ovo,
but not with S or G2 blockers, prevents mes-
enchymalization of premigratory NC cells.
could be explained by enhanced apoptosis. Figure 6J precedes cell mesenchymalization, is a specific prereq-
uisite, both in explants and in ovo, for successful delami-(left panel) shows that opposite epithelial somites, the
amount of TUNEL-positive nuclei in the neural tube was nation (Figure 7, lower panel). These results provide a
link between the cycling status of premigratory NC pro-very small and similar in both control and electroporated
sides (n 6), yet, at this stage, inhibition of crest delami- genitors and the process of epithelial to mesenchymal
conversion. Notably, the localization of S phase nucleination was dramatic. Opposite dissociating somites,
apoptosis increased and was diffuse throughout the to the basal pole of the epithelium from which cells
delaminate suggests that interkinetic nuclear movementsepithelium, including cells in the premigratory NC area
(Figure 6J, right panel). The estimated extent of apopto- may be part of the physical mechanism leading to sepa-
ration of the cells from the epithelium.sis was between 3% and 4% in control sides. In one
out of four embryos, this percentage was doubled in A relationship between the cell cycle and the onset
of cell migration was also observed during cortical histo-the treated side, whereas, in the other three, it remained
unchanged. To rule out the possibility that apoptotic genesis. Progenitors from the neopallial epithelium dis-
continue interkinetic nuclear migration in G2 and losecells were cleared earlier than 16 hr after transfection,
similar embryos were fixed 4 and 8 hr following treat- epithelial attachments as they exit the ventricular zone
ment. No significant differences could be detected in to seed the secondary proliferative population (Taka-
the percentage of TUNEL nuclei when compared to hashi et al., 1995; Miyama et al., 2001). Thus, the link
the intact sides, respectively (4.3% and 4.2% at 4 hr; between specific phases of the cell cycle and the regula-
4.0% and 4.3% at 8 hr). Thus, enhanced apoptosis can- tion of epitheliomesenchymal conversion is likely to
not account for the dramatic inhibition in NC delamina- emerge as a general mechanism during embryogenesis
tion. We therefore conclude that the failure of NC cells and, perhaps, also during regeneration in diverse sys-
to delaminate in the GFP-15 aa-NLS-treated embryos tems (Boehm and Nabel, 2001).
results from the lack of G1/S transition in the premigra- Since NC cells specifically delaminate during S, we
tory progenitors. reasoned that the transition from G1 to S might be re-
quired for the process. To examine this question, we
tested multiple inhibitors whose specificity to G1/S wasDiscussion
shown in a variety of biological systems; all yielded simi-
lar results. Although we cannot rule out the possibilityWe show that the majority of trunk-level avian NC cells
that some of them might reveal a broader spectrum ofdelaminate from the dorsal neural primordium in the S
inhibition, the common feature linking all of them is theirphase of the cell cycle (Figure 7). Moreover, we demon-
strate that the transition from G1 to S, which immediately blocking activity at G1/S. For instance, olomoucine was
Developmental Cell
392
also reported to block cells in G2/M (Vesely et al., 1994). G1 to S, whereas the apical cells would continue cycling
within the epithelium as stem cells to give rise againNevertheless, the G2/M blocker VM-26 had only a mild
effect on delamination in spite of completely blocking to one delaminating and one resident stem-like cell,
respectively. We think this mechanism is unlikely forDNA synthesis. Hence, we infer that the olomoucine-
dependent inhibition results primarily from its blocking several reasons. First, the proportion of cells in the dor-
sal tube undergoing DNA synthesis is low when com-activity at G1/S. Further support stems from results with
cdk inhibitors AG555 and mimosine; the latter enhances pared to the corresponding values in delaminating cells,
suggesting that this mechanism would cause a rapidlevels of p27kip1 in the avian NC system. Moreover, direct
overexpression of p27 in ovo led to similar inhibition depletion of a pool of putative stem cells in the dorsal
midline region if this were the only source of crest. Nota-of G1/S transition and NC mesenchymalization, further
validating the results of the explant studies. In addition, bly, it would be expected that such a pool is stable over
time, as delamination is still underway by stages 18–20results of blocking progression through G1 in ovo, both
at early G1 with MyoD or late G1 with dnE2F-1, further in the trunk (Erickson et al., 1992; Reedy et al., 1998).
Second, despite observing both vertical and horizontalstrenghtened the notion that the actual transition from
G1 to S is required for mesenchymalization, rather than cleavage planes in the dorsal midline, we did not find
any asymmetric distribution of Numb immunoreactivitya particular event taking place during G1.
At the time and axial level chosen for transfection, to mitotic cells in this site (our unpublished data). In
line with these observations, Wakamatsu et al. (1999)early NC markers are already present in the dorsal tube
(Liu and Jessell, 1998; Sela-Donenfeld and Kalcheim, reported that the asymmetrical localization of Numb in
the neuroepithelium is correlated with neurogenesis,1999), and overexpressing the cdk binding domain of
MyoD had no effect on their transcription. These results and, prior to that stage, it is diffusely distributed through-
out the cell body of mitotic cells. An alternative sourcesuggest that dorsal neuroepithelial cells are initially
specified to the NC fate by the time the transgene is of premigratory crest could therefore be the dorsolateral
neural tube. It is possible that, upon continuous cellexpressed, and no further effect on their specification
state is inflicted upon inhibition of G1/S transition. At withdrawal from the dorsal midline area, laterally local-
ized progenitors, which undergo mitosis perpendicularvariance, inhibiting crest delamination by overexpress-
ing Noggin at similar stages resulted in downregulation to the plane of the epithelium, are directed toward the
center, where they enter the BMP4-expressing zone thatof some of the above genes (Sela-Donenfeld and Kal-
cheim, 1999), suggesting that the mechanisms underly- triggers their delamination following G1/S transition.
Thus, two main models could account for the specifica-ing cell cycle and BMP signaling might differ (see below).
We could further dissociate between early specification tion of the premigratory pool of NC cells over time; an
early, and perhaps single, inductive event (Anderson,and delamination by late overexpression of the 15 aa
peptide, which, consistent with the previous data, also 2000; Dickinson et al., 1995; Liem et al., 1995; Selleck
and Bronner-Fraser, 1995) that leads to the formationprevented delamination of subsequent cellular waves.
The lack of delamination did not result from enhanced of stem-like cells versus continuous production by relo-
cation of adjacent neuroepithelial cells into a specificapoptosis, either. Notably, explanted tubes that re-
ceived the G2-M blocker VM-26 revealed twice as much dorsal field that conveys NC properties. Clonal analysis
showed the existence of common progenitors for bothapoptosis when compared to untreated controls or to
explants incubated in the presence of G1/S blockers neural tube and NC phenotypes (Mujtaba et al., 1998;
Sanes, 1989; Bronner-Fraser and Fraser, 1988, 1989;(our unpublished data), yet emigration in VM-26-treated
explants was only mildly affected, thus revealing no di- Artinger et al., 1995), thus enabling a change in fate
upon relocation. Distinguishing between the above pos-rect correlation between NC delamination and apopto-
sis. These data, together with results of rescue ex- sibilities will be fundamental for understanding the dy-
namic histogenesis of the dorsal neural primordium andperiments in explants, strongly argue that, in relatively
short-term experiments, the inhibition of crest emigra- the mechanisms leading to the segregation of NC cells
from other CNS lineages.tion is due to a specific block of G1/S transition.
During the course of these experiments, a moderately We have shown that the epithelial to mesenchymal
conversion of premigratory NC is triggered by a localthinner epithelium was observed in the transfected sides
of some electroporated embryos, likely to result from balance between BMP4 and noggin (Sela-Donenfeld
and Kalcheim, 1999, 2000). An essential question thenreduced cell proliferation. However, dramatic inhibitions
of NC delamination also occurred in treated hemitubes arises of the relationship between BMP/noggin signaling
and cell cycle-related mechanisms in the control of de-not showing a thinning of the neuroepithelium (see, for
example, Figures 5E and 6J, left panel), suggesting that lamination. One possible link between the two is that
BMP4 induces a cascade of secondary signals that influ-the effect on NC is specific. This higher sensitivity of
crest delamination to the G1/S blocker is likely to result ence G1/S transition, which is, in turn, translated into
parameters of the delamination machinery. In favor ofprecisely from the fact that immediately before delami-
nation and in order to delaminate, all premigratory crest such a content, it has been suggested that Msx1, which
is induced by BMP in the dorsal neural tube (D. Sela-cells must undergo successful G1/S transition.
In light of the continuous departure of NC cells from Donenfeld and C.K., unpublished data), upregulates
cyclin D1 and cdk-4 activity (Hu et al., 2001). In addition,the neural tube, the question arises, which mechanisms
are responsible for the replenishment of the dorsal pool BMP4 stimulates transcription of Wnt1 (Marcelle et al.,
1997), and the Wnt1-dependent -catenin/LEF-1 path-of premigratory crest? One possibility is the existence,
in the dorsal midline, of a local population of NC stem way regulates transcription of cyclin D1 in a variety of
cells (Shtutman et al., 1999; Tetsu and McCormick, 1999;cells that undergo asymmetric cell division, each render-
ing two daughter cells, one basal and the other apical. Megason and McMahon, 2002).
Alternatively, BMP activity may not directly affect cellIn such a case, after completion of mitosis, the basal
daughter cells would delaminate upon transition from cycle genes in dorsal tube progenitors. Consistent with
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reached 27–30 somites, then they received a 1 hr pulse of Brdu (10such a possibility, noggin is abundantly transcribed in
mM) followed by fixation.the caudal neural tube prior to NC emigration, yet the
CM-DiI/Brdu Labelingprofile of S phase nuclei in the dorsal midline region
The lineage tracer CM-DiI (Cinnamon et al., 2001) was microinjectedresembles that of the neighboring epithelium. Although
into the lumen of neural tubes of chick embryos aged 20–25 somites.
we cannot rule out the possibility of subtle changes in Embryos were further incubated for a total of 5 hr. A pulse of Brdu
the length of a particular phase/s within the cell cycle, no was delivered 1 hr before fixation.
general inhibition of cell cycle progression is apparent
when BMP activity is partially inhibited by endogenous Tissue Processing and Immunocytochemistry
noggin. Conversely, our finding that inhibiting G1/S tran- Explants and embryos were fixed with 4% formaldehyde in PBS.
sition in ovo does not affect transcription of BMP4 or Embryos were embedded in paraffin wax, sectioned at 6 or 10 m.
Immunostaining for Brdu and HNK-1 was as described (KahaneBMP-dependent genes indicates that the cell cycle ma-
et al., 1998; Sela-Donenfeld and Kalcheim, 1999). Rabbit anti-GFPchinery does not operate upstream of BMP signaling.
antibodies (Molecular Probes) were used at 1:200 in combinationThus, independent pathways acting downstream of
with monoclonal anti-Brdu antibodies. Polyclonal anti-human p27BMP and of the cell cycle may ultimately converge upon
(ab7961; Abcam) was diluted 1:20 in PBS/5% fetal calf serum/0.1%common molecules that control generation of cell move-
Triton X-100. Apoptotic cells were detected with the TUNEL assay
ment. Yet another level of regulation may involve respon- (Roche).
siveness to BMP4, which might differ as a function of
particular phases of the cell cycle. In such a case premi- In Situ Hybridization
gratory cells entering G1 would become more sensitive The following probes were employed on whole embryos: bmp4,
to factors triggering delamination, perhaps by regulating rhoB, slug, c-cad 6B, msx1, and pax3 (Sela-Donenfeld and Kalcheim,
1999).expression or activity of BMP receptors of type IA (Sela-
Donenfeld and Kalcheim, 2002) in a cyclic fashion. Given
Data Analysisthe multiplicity of outcomes that BMP elicits in different
The number of migrating NC cells and Brdu cells in explantedsystems, including opposing effects on cell proliferation
neural tubes was counted in six microscopic fields, each comprising(see above and Jernvall et al., 1998), elucidating the
1600 m2. When initial delamination was monitored at 9 hr postmechanisms that connect BMP4 signaling with cell cy-
explantation, NC cells were mostly negative for HNK-1; therefore,cle genes operating during G1/S transition, in the con-
counts were performed using phase contrast optics. Incorporation
text of neural crest delamination, remains a substantial of Brdu into neural tube cells was taken as a measure of drug
challenge. efficacy. Results represent the mean number of cells per field (SD
of 4–8 cultures). Significance was examined using one-way analysis
of variance (ANOVA). When significant differences were indicatedExperimental Procedures
in the F ratio test (p 0.005), the significance of differences between
means of any two of these groups was determined using the modi-Embryos
fied Tukey method for multiple comparisons, with   0.05.Chick (Gallus gallus) and quail (Coturnix coturnix Japonica) eggs
For assessment of the proportion of neuroepithelial cells in Swere from commercial sources.
phase out of total nuclei (Brdu/Hoechst) in tissue sections, the
dorsal neural tube was subdivided into three domains of 625 m2
Explants of Neural Primordia each, a central domain around the midline including the premigra-
Neural tubes containing premigratory NC were excised from the tory NC and two adjacent fields on either side. Counts were per-
segmental plate level and the last 3 somites of 16–20 somite stage formed at four distinct levels of the neuraxis: the segmental plate,
quail embryos (Sela-Donenfeld and Kalcheim, 1999) and explanted epithelial somites, dissociating somites just prior to bending of pio-
onto multiwell slides (Nunc) precoated with fibronectin (50 g/ml; neer myotomal precursors (Kahane et al., 1998), and, finally, fully
Sigma). The culture medium consisted of CHO-S-SFM II medium dissociated segments. NC cells were scored as emigrating progeni-
(Gibco BRL), to which the following factors were added: L-mimosine tors when localized dorsal to the neural tube and reaching up to
(Calbiochem), the group I tyrphostins AG555 or AG18 (from A. Levit- the migration staging area (Weston, 1991). Between 250 and 300
zki), olomoucin (Sigma), aphidicolin (Sigma), or VM-26 (Bristol-Mey- nuclei were counted/embryo. Results represent the average SD
ers Squibb). Explants were cultured for various times; in all cases, of BrdU cells (n  3). Total nuclei/area as well as the proportion
a pulse of Brdu (10 g/ml; Sigma) was administered 1 hr before of Hoechst mitotic figures were similarly monitored at all axial
fixation. Each experiment included 4–8 explants/treatment and was levels depicted above.
repeated at least three times. Electroporated embryos were routinely monitored prior to fixation
for expression of GFP. Positive embryos (95%) were further pro-
cessed for detection of apoptotic cells or both for Brdu and GFPIn Vivo Manipulations
immunoreactivities. The latter was performed because most of theElectroporation
intrinsic fluorescent signal was lost during embedding. The numberThree different expression vectors were employed. The first con-
of total cells, GFP, Brdu, or TUNEL, was monitored in 7–31tained the cdk-4 binding 15 aa domain of MyoD fused to NLS and
alternate sections per axial level. For assessement of total prolifera-cloned into the pEGFP-C1 vector (Clontech; GenBank accesion
tion in the neural tube, the number of Brdu nuclei/area was moni-number U55763; Zhang et al., 1999b). The second was a dnE2F-1
tored in 625 m2 squares as described above (148–223 nuclei/con-plasmid (pRcCMV-E2F-1) containing the entire open reading frame
trol hemitube). To monitor proliferation of the GFP population,of E2F-1 (437 aa) with a stop codon after aa 363. The protein lacks
70–100 GFP cells/hemitube were scored for Brdu incorporation.the last 74 aa, which include the transactivation and Rb binding
Measurements were performed in 3–6 embryos per treatment.domains. The third was pcDNA3 encoding wild-type p27. Two vec-
tors encoding enhanced versions of GFP served as controls:
pCAGGS-AFP (Momose et al., 1999) and pECFP-Nuc-NLS (Clon- Acknowledgments
tech). Both vectors yielded indistinguishable results. DNA (4 g/l)
was microinjected into the lumen of the neural tube of 20–23 somite We thank all members of our group for discussions, in particular,
Yuval Cinnamon and Raz Ben-Yair for assistance with figures andstage chick embryos with micropipettes, and electrodes were
placed on either side of the embryos at the level of the segmental cell counts. We also thank J. Yisraeli and B. Paterson for critical
reading of the manuscript. We are indebted to B. Paterson, D. Gins-plate or adjacent to somites 8–13. A square wave electroporator
(BTX, San Diego, CA) was used to deliver four pulses of current at berg, M. Brandeis, and T. Momose for the 15 aa-MyoD-GFP,
dNE2F-1, p27, and GFP expression vectors, respectively. A. Levitzki25 volts for 10 ms each. Embryos were reincubated until they
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